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Introduction
To protect residents from tobacco smoke exposure (TSE), the Boston Housing Authority (BHA) prohibited smoking in BHA-owned apartments beginning in 2012. Our goal was to determine if the smoke-free policy reduced TSE for non-smoking BHA residents.
Methods
We compared TSE before the smoke-free policy (2012) and one year later among BHA residents as well as residents of the neighboring Cambridge Housing Authority (CHA) where no such policy was in place. Participants were a convenience sample of adult non-smoking BHA and CHA residents cohabitating with only non-smokers. Main outcomes were 7-day airborne nicotine in participants' apartments; residents' saliva cotinine; and residents' selfreported TSE.
Results
We enrolled 287 confirmed non-smokers (192 BHA, 95 CHA). Seventy-nine percent (229) were assessed at follow-up. At baseline, apartment and resident TSE were high in both housing authorities (detectable airborne nicotine: 46% BHA, 48% CHA; detectable saliva cotinine: 49% BHA, 70% CHA). At follow-up there were significant but similar declines in nicotine in both sites (detectable: -33% BHA, -39% CHA, p = 0.40). Detectable cotinine rose among BHA residents while declining among CHA participants (+17% BHA vs. -13% CHA, p = 0.002). Resident self-reported TSE within and outside of the housing environment decreased similarly for both BHA and CHA residents.
Introduction
Tobacco smoke exposure (TSE) is harmful to health, causing lung cancer, heart disease, and stroke, as well as exacerbating asthma and other respiratory illnesses. [1] [2] In the United States (U.S.), approximately 37 million people live in apartments, including 2.2 million in public housing authorities serving low-income residents. [3] [4] Residents of apartments (i.e., multiunit housing) are more likely to experience TSE than residents of detached housing. [5] Tobacco smoke in apartment buildings disperses throughout residences and common areas via hallways, ventilation systems, cracks and spaces in the walls and is extremely difficult if not impossible to contain using cost-effective technologies. [6] [7] [8] The issue is even more acute in public housing due to higher smoking rates in low-income groups and housing stock that may have reservoirs of tobacco smoke residue built up over years. [9] [10] [11] [12] With these facts in mind, in 2009, the U.S. Department of Housing and Urban Development urged public housing authorities in the U.S. to adopt smoke-free policies in all their buildings. [13] Soon after, the Boston Housing Authority (BHA) announced that it would institute a new comprehensive smoke-free policy starting in 2012 that would prohibit smoking in all residential units. [14] The goal of the policy was to reduce both non-smoking tenants' residential TSE and resident complaints associated with tobacco smoking in BHA properties. At the time, the BHA was the largest housing authority in the country planning to institute such a policy.
To understand the impact of the BHA's smoke-free policy on residents' TSE, we assessed changes in objective and subjective measures of resident TSE as well as apartment air quality from before to after the BHA policy went into effect, using the neighboring Cambridge Housing Authority (CHA), which had no such smoke-free policy, as a control site.
Methods

Setting and Participants
The study was conducted in family housing developments within the Boston and Cambridge Housing Authorities in Massachusetts. The BHA owns 27 family developments housing approximately 18,000 residents in nearly 7,000 apartment units. The CHA, across the Charles River from Boston, owns 9 family developments housing 3,700 residents in nearly 1,500 apartment units. The family housing developments are similar in the BHA and CHA, consisting mostly of garden-style and midrise apartment buildings. Buildings in these developments are comparable in size, age, and date of most recent renovation. According to the most recent available data, approximately 19% of residents in these housing authorities are smokers, compared to approximately 14% of adults in the state of Massachusetts. [15] We recruited a convenience sample of residents from the 7 largest developments in each housing authority; each development has multiple apartment buildings. Only non-smokers living in apartment units where no residents smoked were eligible to participate in the study, as we wanted to assess the effect of the policy on the population it was designed to protect. Additional eligibility criteria were age !18, ability to communicate in English or Spanish, and no current use of nicotine replacement therapies. One resident per household was recruited for the study. Given the low inherent risk of participation in the study, consent was obtained verbally to facilitate recruitment. Consent was documented in the study database. The study, including the waiver of written consent, was approved by the Institutional Review Boards of Partners HealthCare and the New England Research Institutes.
BHA Smoke-free Policy
The BHA's smoke-free policy was implemented on September 30, 2012. According to the policy, the existing prohibition on smoking in buildings' interior common spaces (hallways, stairways, social rooms, etc.) would be extended to include resident apartments. Smoking could also be prohibited in outdoor areas at the managers' discretion, usually a 15 foot perimeter around buildings. The ban applies to all persons including residents, visitors, and employees. Residents in violation of the policy can be subject to fines of up to $250 and possible eviction for repeat offenses. In the year leading up to the policy change, meetings were held at every housing development to educate residents and building managers about the policy. During that period, residents were also required to sign a lease addendum acknowledging they had been informed of the policy.
Recruitment
Participants were initially recruited by mail, with letters sent to the head of household. Additional recruitment was conducted on site at the housing authorities. The study was covered by a Certificate of Confidentiality from the National Institutes of Health to assure residents that if prohibited tobacco use was observed by or disclosed to researchers during the study, that information could not be requested by the housing authorities. After providing informed consent, residents completed an interview, provided a saliva sample, and had a passive nicotine monitor placed in the main living area of their apartments (typically the living room). Participants received $30 for completing baseline data collection. Follow-up data collection was conducted 12 months later. Participants were deemed ineligible for continued participation if they moved outside the housing authorities. Those completing the follow-up data collection received $40.
Outcomes
Primary outcomes were measures of individual and household TSE expected to be affected by the smoke-free housing policy: self-reported TSE, saliva cotinine, and airborne nicotine in the apartment. Interviews were conducted in English or Spanish by trained interviewers using an instrument that had been pilot tested with BHA residents who were not part of the study sample. Self-reported exposure was ascertained with the following questions: "In the past 7 days, have you smelled tobacco smoke in your home? [yes/no]" and "[if yes] "In the past 7 days, on how many days have you smelled tobacco smoke in your home? [1] [2] [3] [4] [5] [6] [7] "
Cotinine is a metabolite of nicotine and is the standard biomarker for TSE. [16] Participants were asked to provide saliva samples directly into 20ml polyethylene vials. Subjects were given parafilm to chew to stimulate saliva production if necessary. Saliva samples were stored on ice in the field and transferred to -20°C freezers at the end of the fieldwork day. At the conclusion of the study, all samples were mailed to the Clinical Pharmacology Laboratory at the University of California San Francisco for high-sensitivity analysis of cotinine levels using LC-MS/MS (lower limit of detection 0.02ng/ml). [17] We deemed any individuals whose cotinine values were !15ng/ml at either baseline or follow-up to be current smokers and therefore ineligible for the study. [18] Airborne nicotine was assessed using industry-standard passive monitors obtained from the University of California, Berkeley. [19] [20] [21] [22] [23] These monitors consist of filters treated with sodium bisulfate and enclosed in a permeable cassette through which air flows at a known rate. [24] [25] After preparation, the monitors are sealed in individual containers until they are ready for deployment. Monitors were unsealed in participants' apartments and left in place for at least 7 days after which they were collected and resealed on-site by the field staff. Monitors were then stored sealed at room temperature until the end of the study. At that point, the samples were sent to the University of California, Berkeley for analysis in which chemical constituents sorbed to the filters were extracted and analyzed by gas chromatography. [24] The passive monitor analysis had a lower limit of detection of 5ng nicotine. We estimated average apartment nicotine concentrations by assuming a constant airflow over the monitors of 24ml/minute and adjusting for the total duration of deployment. To understand factors that might affect nicotine levels, participants were asked to complete a checklist during the nicotine monitor's deployment. The checklist ascertained the number of days windows were open, air conditioners were in operation, or tobacco was used or smelled.
The study interview also assessed non-household sources of TSE. Participants were asked about smoking that may have taken place in cars they had travelled in over the past 7 days. Participants were also asked how often in the past 7 days they smelled tobacco smoke: where they work/volunteer; in an apartment outside their building; in another apartment inside their building; in a public area inside their building; or outside the doorway of their building.
Potential Confounders
In order to control for characteristics that differed between BHA and CHA residents, we ascertained residents' age, sex, race, ethnicity, language, country of birth, education, occupation, marital status, number of household members (adults, children), tenure in apartment, and tenure in public housing. Race and ethnicity were self-reported into standard reporting categories for the U.S. National Institutes of Health. We also collected data on apartment characteristics including the apartment's floor in the building and the total number of floors in the building. We used bivariate analyses to identify characteristics that differed between the BHA and CHA at the p = 0.2 level (Pearson chi-squared tests). Based on these results, we developed a model of participants' propensity to live in the BHA in order to parsimoniously reduce bias due to confounding. [26] The propensity score model included race and ethnicity (Hispanic, non-Hispanic black, non-Hispanic white, other), country of birth (U.S. vs. foreign), marital status, employment/student status, and English or Spanish language facility as predictors. Language facility was a measure combining responses to questions asking whether the participant speaks Spanish at home or whether they speak English well/very well. Because the materials and interviews were conducted in either English or Spanish, this measure was a proxy for respondents' relative ease with the study materials.
Analyses
Differences in baseline characteristics were assessed using chi-squared statistics. Unadjusted analyses of main outcomes and non-household sources of TSE are presented as within-housing authority averages for each time point. To assess the effect of the BHA's smoke-free policy on residential TSE, we modeled differences in within-person/residence changes in outcomes with regression models that included subject-level random effects. Based on the Surgeon General's assessment that there is no safe level of TSE, we dichotomized each of our outcomes into "detectable" vs. "not detectable" levels of exposure. Detectable exposure was modeled using logistic regression. We also modeled each outcome as a continuous measure. Following standard methods for left-censored data, [5, 11, 27] we modeled log-cotinine and log-nicotine using interval regression (a generalization of tobit regression). The number of days in the past 7 that the respondent reported smelling smoke in the apartment was modeled using linear regression. Because we used random effects models, all observed outcomes were included in the models, even when participants were observed only at baseline. All models included indicators for housing authority (BHA vs. CHA), policy period (pre vs. post), and an interaction term for housing authority Ã policy period. An interaction term significantly different from 0 at the 0.05 level was considered evidence that changes from before to after the introduction of the BHA smoke-free policy were different across housing authorities. All models controlled for subjects' quintile of the propensity score. Models for cotinine and number of days smelling smoke further controlled for education, tenure in the apartment, and the floors in the building. Models for nicotine were adjusted for whether windows were open during sampling and the resident's tenure in the apartment. We conducted sensitivity analyses to determine whether our findings changed when analyzing only those with complete data on all outcomes versus those with complete data on particular outcomes. All analyses were conducted in 2014 using SAS 9.3 (Cary, NC) except for the interval regression analyses which were performed using Stata 12.1 (College Station, TX).
Results
In the summer and early fall of 2012, we consented 201 participants from the BHA and 98 from the CHA. Two subjects from the BHA dropped out at baseline because they failed to complete the data collection. Ten participants (7 BHA, 3 CHA) were determined to be ineligible for the study after enrollment when cotinine analysis suggested active smoking (cotinine>15ng/mL). After these exclusions, there were 192 participants from the BHA and 95 participants from the CHA. Residents of the BHA and CHA were different on a number of key characteristics at baseline (Table 1) . Participants from the BHA were more likely to be women, of Hispanic/Latino ethnicity and to speak Spanish, less likely to be black/African-American, had lower education, had greater facility with English and/or Spanish, and were less likely to be full-times students/employees. After propensity score adjustment, none of these characteristics was significantly different between the BHA and CHA residents. Of the subjects meeting eligibility criteria and providing baseline data, 7 moved out of the housing authorities during the study year, and 51 were lost to follow-up for a retention rate of 79%. Those lost to follow-up were similar to those continuing participation except they were slightly more likely to be black/ African-American and less likely to be of "other" race (p = 0.04). At baseline, a slightly higher proportion of BHA (32%) than CHA (25%) residents reported having smelled tobacco smoke in their apartments over the prior 7 days (Fig 1A) . Over the course of the study year, this level fell by 14 percentage points in the BHA, while in the CHA, it fell by 6 percentage points. These changes were not significantly different from one another in our regression-adjusted analyses (p = 0.34). The proportion of households with detectable airborne nicotine was high in both housing authorities at baseline (46% BHA and 48% CHA) (Fig 1B) . By the follow-up period, detectable nicotine had decreased substantially at both housing authorities to 13% in the BHA and 9% in the CHA. Again, these changes were not statistically different from one another in adjusted analyses (p = 0.40). The proportion of residents with detectable cotinine at baseline was also high in both housing authorities, but was lower among BHA residents than CHA residents (49% vs. 70%, p = 0.08) (Fig 1C) . When measured at follow-up, the proportion of BHA residents with detectable cotinine had risen by 17 percentage points while the proportion of CHA residents declined by 13 The change values are grouped in a quasi-log-transformed manner to compress the distribution. The great majority of changes were between -0.05ng/mL and 0.05ng/mL for cotinine and between -0.05μg/m 3 and 0.05μg/m 3 for nicotine. Neither distribution had large densities at the extremes. Fig 3 illustrates changes in potential non-household sources of residents' TSE. Most changes were qualitatively similar for each housing authority. In sensitivity analyses, we included each of these potential sources of TSE as well as apartment nicotine as independent variables in the regression models estimating changes in cotinine. Adjusted differences in cotinine did not change quantitatively or qualitatively with the inclusion of these factors, suggesting none was a mediator of the relationship between living in the BHA and changes in cotinine following the introduction of the smoke-free policy (results not shown).
Discussion
In 2012, the Boston Housing Authority became the largest public housing authority in the U.S. to prohibit smoking within residential units. To our knowledge, this is the first study to assess changes in a broad selection of objective and subjective measures of TSE among non-smokers following the introduction of a smoke-free housing policy.
The concentration of airborne nicotine in apartments is the objective study outcome most directly related to the smoke-free policy. We found substantial reductions in airborne nicotine within BHA households from the period immediately prior to the policy implementation to approximately a year later. This longitudinal change is consistent with published studies of cross-sectional differences between smoking-allowed and smoke-free buildings in the BHA and other public housing authorities. [7] [8] 28 ] However, we observed similar reductions within the CHA as well; we are thus unable to attribute the change in Boston entirely to the smokefree policy. It is unclear what may have driven nicotine levels down in the CHA. During our follow-up data collection, the CHA began a dialogue with its residents about a future smokefree policy for the authority. It is possible that smokers in the CHA reduced smoking inside CHA buildings in anticipation of the policy (which was not implemented until the summer of 2014).There were no other city-or housing authority-wide initiatives in Cambridge that would have been expected to affect apartment nicotine levels.
Mean TSE for residents at each site and time period, as measured by salivary cotinine, was consistent with the low values observed in the general US population, contrary to preliminary studies which found higher levels of TSE in public housing than elsewhere. [27, 29] We observed a rise in BHA residents' cotinine while cotinine declined among CHA residents. A concern prior to implementation was that the BHA's smoke-free policy might have unintended consequences if it forced smoking activity out of smokers' homes and into spaces used by nonsmokers and smokers alike, such as around building doorways or other common areas. Our secondary analyses provide no evidence to support this concern. There were no significant changes in residents' reports of smelling smoke around doorways or other areas around their buildings that would explain the differential changes in cotinine levels for BHA versus CHA residents. However, a relatively small increase in the number of residents smoking around building entrances and walkways could have increased TSE without residents necessarily noticing. Self-reported assessments of TSE off of housing authority property, such as on surrounding sidewalks, in cars, in friends' homes, or at places of employment or volunteering did not explain the differential changes in cotinine levels across sites.
For a residential smoke-free policy in public housing to reduce residents' overall TSE, there must be compliance with the policy and residential TSE must make up a significant proportion of residents' overall TSE. Enforcement of smoke-free policies is challenging because there are relatively few personnel and they are responsible for enforcing the policy over properties covering large areas. In addition, the standard of proof for documenting violations may be high because public housing is a resource of last resort for many residents and housing authorities are reluctant to render residents potentially homeless. The disciplinary processes for adjudicating alleged policy violations can be time-consuming. Nevertheless, the observed decrease in air nicotine among BHA apartments suggests that lack of compliance was not a major issue.
Whether residential TSE makes up a high proportion of overall TSE for public housing residents is unclear from our data. The reduction in apartment nicotine in the BHA over the study period coupled with the increase in saliva cotinine there indicates that exposure was taking place outside of residents' apartments. While our self-reported measures of TSE suggest there was no increase in TSE taking place on housing authority property, it is possible that these measures were not sensitive or specific enough to adequately capture TSE elsewhere on BHA property. It is also possible that the observed increase in saliva cotinine among study participants living in the BHA are due to exposures that took place off of BHA property. The true effect of the BHA policy on residential TSE may emerge over time. However, our results suggest that simply having a smoke-free policy in all indoor locations will not guarantee significant short term changes to overall resident TSE even when the measured nicotine level in units decreases. As the largest public housing authority in the country at the time to implement a smoke-free policy, the BHA had little precedent to guide it and has had to make ongoing adjustments to its policy implementation.
Strengths of our study include assessment of a compulsory smoke-free policy (mitigating selection effects within the BHA) and concurrent collection of multiple objective and selfreported measures of TSE. Nevertheless, because of its observational design, we cannot rule out confounding due to differences between the BHA and CHA populations or their circumstances. For example, approximately 10% of residents move out of public housing each year; we do not know whether smokers disproportionately moved out of or non-smokers disproportionately moved into the BHA. We made an effort to protect against observed confounders by using propensity score methods and by examining within household/resident changes over time. In addition, by comparing housing authorities in neighboring cities we attempted to mitigate or eliminate differences in environmental factors that could affect TSE (e.g., physical environment, state policies, or large area secular trends).
In conclusion, there was a substantial reduction in air nicotine in BHA apartments associated with the introduction of the smoke-free policy. However, CHA apartments, which had an impending but not yet implemented smoke-free policy during the study period, also had a contemporaneous decline in nicotine. Therefore, the decline in air nicotine in the BHA apartments cannot be unequivocally attributed to the smoke-free policy. Furthermore, the BHA policy did not result in reduced individual-level TSE. Future research is needed to examine the effect of smoke-free policies on other constituencies of public housing such as current smokers, children, and those living in housing designated for elderly and disabled residents.
